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® A low-yield-ratio high-strength hot-rolled steel sheet combining the advantages of precipitation-strengthened 
steels and structure-strengthened steels without the disadvantages of these conventional steels, and a manufac- 
turing method characterized by hot-rolling this steel sheets. The steel sheet has a composition consisting 
essentially of about: 
0.18 wt% or less of C; 
0.5 to 2.5 wt% of Si; 
0.5 to 2.5 wt% of Mn; 
0.05 wt% or less of P; 
0.02 wt% or less of S; 
0.01 to 0.1 wt% of Al; 

0.02 to 0.5 wt% of Ti and/or 0.03 to 1 .0 wt% of NB, 

said Ti and Nb being present approximately in relation to C according to the following formula: 
C wt% £ 0.05 + Ti wt%/4 + NB wt%/8; and the balance substantially Fe and incidental impurities; wherein the 
structure of the steel is composed of ferrite containing a precipitated carbide of Ti and/or Nb and martensite, 
with eventually also retained austenite. 
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BACKGROUND OF THE INVENTION 
1. Field of the Invention 
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2. Description of the Related Art 
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For the foregoing and other reasons, there is no steel presently available which satisfies the important 
requirements for a desirable low-yield-ratio high-strength hot-rolled steel sheet. 

SUMMARY OF THE INVENTION 

5 

It is accordingly an object of the present invention to provide a low-yield-ratio high-strength hot-rolled 
steel sheet having the advantageous features of conventional precipitation-strengthened steel and structure- 
strengthened steel and improved by advantageously solving the problems of the known art, and to provide 
a new method for manufacturing this steel sheet. 

to We have found, as a result of many experiments and studies, that the foregoing problems can be 
solved by the process of this invention. A conventional precipitation-strengthened steel is provided as a 
base, a controlled carbon content is established by considering the carbon relationship with Ti and Nb, a 
controlled content of Si is added, and hot rolling is performed under special conditions. Precipitation 
strengthening is thereby effected simultaneously with y to a transformation after rolling, and carbon 

75 discharged from fenite grains is concentrated in untran stormed austenite grains. A composite structure is 
finally formed which is mainly formed of a precipitation-strengthened ferrite phase, and which contains a 
small proportion of a martensite phase or a retained austenite phase as a secondary phase. 

The steel in accordance with the present invention is improved in strength by precipitation-strengthen- 
ing a soft ferrite phase. This is sharply different from conventional dual phase steel or TRIP steeJ. On the 

20 other hand, the content of the proportion of martensite or the proportion of the retained austenite phase 
required to obtain the same strength is thereby reduced in comparison with the conventional method, 
whereby the increase in the equivalence of carbon is thereby limited. 

In comparison with conventional precipitation-strengthened steel, the steel in accordance with the 
present invention has a sharply higher strength by virtue of the existence of the hard secondary phase, and 

25 also exhibits a low yield ratio characteristic because a high-density dislocation network tends to be formed 
around the secondary phase. Moreover, a certain conformity is maintained between the secondary phase 
and the ferrite grains, which improves the strength-ductility balance. Also, because the secondary phase 
stops the propagation of fatigue cracks, the fatigue resistance characteristics of the steel are significantly 
improved. Further, the difference between the strengths of the ferrite grains and the secondary phase is 

30 smaller than that in conventional dual phase steel. The concentration of local deformations of the ferrite 
grains is therefore limited, so that local deformability, which is disadvantageously low in conventional 
strengthened steels of this kind, can be improved. 

This invention is accordingly directed to low-yield-ratio high-strength hot-rolled steel sheet having a 
composition consisting essentially of about 0.18 wt% or less of C, about 0.5 to 2.5 wt% of Si, about 0.5 to 

35 2.5 wt% of Mn, about 0.05 wt% or less of P, about 0.02 wt% or less of S, about 0.01 to 0.1 wt% of Al, at 
least one of about 0.02 to 0.5 wt% of Ti and about 0.03 to 1.0 wt% of Nb, Ti and Nb, the balance being 
substantially Fe and incidental impurities. 

The structure of the steel is formed of ferrite in which a carbide of Ti and/or Nb is precipitated and 
martensite, or of ferrite in which this carbide is precipitated, martensite and retained austenite. The following 

40 formula controls the approximate relative amounts of C, Ti and Nb: 

C wt% * 0.05 + Ti wt%/4 + Nb wt%/8. 

The present invention also provides a low-yield-ratio high-strength hot-rolled steel sheet having a 
45 composition formed by adding about 0.3 to 1.5 wt% of Cr to the above-described composition. 

The present invention further provides a method of manufacturing a low-yield-ratio high-strength hot- 
rolled steel sheet having a structure formed of ferrite, which is precipitation-strengthened, and martensite, or 
of precipitation-strengthened ferrite, martensite and retained austenite. The method comprises providing a 
steel slab of the above-described composition as a raw material, hot rolling the steel slab, finishing rolling at 
so a temperature of about 820 *C or higher, retaining the steel sheet in the range of temperatures of about 820 
to 720 *C for 10 seconds or longer, cooling the steel sheet at a cooling rate of about 10 # C/sec or higher, 
and coiling temperature of about 500 • C or lower. 

BRIEF DESCRIPTION OF THE DRAWINGS 

55 

Fig. 1 is a graph showing relationships between tensile characteristic values and the content of Si; 
Fig. 2 is a schematic illustration of a side bending test method; 
Fig. 3 is a schematic illustration of an expanding test method; 
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Fi9- 4 is an illustration of the shape of a fatigue test piece; and 
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precipitation is thereby reduced and TiC and MnC remain in a supersaturated condition making it difficult to 
achieve precipitation strengthening. Therefore, the content of Mn is within the range of about 0.5 to 2.5 
wt%. 

The content of P is limited to about 0.05 wt% or less in order to ensure the desired formability and 
5 weidability. 

The content of S is limited to about, 0.02 wt% or less to limit the reaction with Mn in the steel forming 
sulfide of manganese inclusions which deteriorate stretch flanging formability. 

It is necessary to add at least about 0.010 wt% of Al for deterging the steel. Increase of dttergency is 
indispensable for strengthening the steel. Hbwever, addition of an amount of Al exceeding about 0.10 wt% 

10 is not desirable because of possible formation of surface defects or the like caused by alumina clusters. 
Therefore, the content of Al is within the range of about 0.010 to 0.10 wt%. 

Ti and Nb are elements having important roles in accordance with the present invention. These 
elements precipitate in the form of carbides in o grains simultaneously with the y to a transformation after 
hot rolling to contribute greatly to base strengthening. However, if the contents of Ti and Nb are too small 

75 the precipitated grains are coarse and decrease the precipitation strengthening effect. Also, the proportion 
of the secondary phase is thereby increased so that the structure tends toward the structure-strengthened 
type. On the other hand, if the contents of Ti and Nb are too large the amount of C available for forming the 
secondary phase is insufficient so that the resulting characteristics of the steel tend toward those of a 
precipitation-strengthened high strength steel. 

20 For this reason, the content of Ti is preferably within the range of about 0.02 to 0.5 wt% and the content 
of Nb is preferably within the range of about 0.03 to 1:0 wt%. Since Ti and Nb have a common effect, they 
may be used selectively; at least one of them may be used in the above-described range. 

In accordance with the present invention, a. suitable amount of Cr may be added along with the above- 
described components. Cr serves as a substitute for Mn. A suitable range of content of added Cr is about 

25 0.3 to 1.5 wt%. 

Suitable conditions used in manufacturing the steel according to the present invention will be described 
below. 

First, with respect to hot rolling, the finishing rolling temperature is controlled to about 820 * C or higher. 
If the temperature is lower than about 820 * C, deterioration of ductility after hot rolling is considerable. 
30 As a hot rolling condition in accordance with the present invention, the steps of temporarily cooling a 
continuously cast slab, heating the slab again and roughly rolling the slab may be used, or the steps of 
roughly rolling a continuously cast slab immediately or after heat retaining without allowing a reduction of 
temperature to about 820 *C or lower, and thereafter roughly rolling the slab, may be used as an energy 
saving measure. 

35 In accordance with the present invention it is necessary to retain the strip in a temperature range of 
about 820 to about 720* C for about 10 seconds or longer after completion of hot rolling. If this retention 
time is shorter than about 10 seconds the extent of y to a transformation is insufficient. The extents of 
precipitation of TiC or NbC into transformed a grains and the concentration of C into untransformed 7 grains 
are insufficient, resulting in failure to obtain the desired composite structure formed of a precipitation- 

40 strengthened ferrite and martensite, or of precipitation-strengthened ferrite and martensite and retained 
austenite. 

It is necessary to control the cooling rate from this retention to coiling to about 10° C/sec or higher. If 
this cooling rate is lower than about 10 * C/sec, formation of pearlite takes place. 

It is necessary to control the coiling temperature to about 500 *C or lower. If the coiling temperature is 
45 higher than about 500 * C, formation of bainite takes place. The lower limit of this coiling temperature is not 
particularly critical and may be substantially any temperature so long as the desired shape, after coiling, 
can be maintained. 

The following Examples are illustrative of the invention. They are not intended to define or to limit its 
scope, which is defined in the appended claims. 

50 

[Examples] 

r 

Fifteen steel slab compositions (A-O) were prepared as shown in Table 1. Nine types were in 
accordance with this invention, and six types were steels slabs provided as comparative examples. Al! of 
55 the steel slabs were hot-rolled under various conditions to manufacture hot-rolled steel sheets each having a 
thickness of 2.00 mm. Tensile characteristics, side bending elongations (in direction C), hole expanding 
ratios, fatigue strengths and structures of the hot-rolled steel sheets were examined. The compositions 
appear in Table 1 which follows. 
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illustrated in Rg. 2 of the drawings. The gage length U when a crack occurred was measured. The side 
bending elongation was calculated from the following equation: 
Side bending elongation (%) = (Li - Lo)/U x 100 

With respect to the hole expanding ratio, test pieces having a diameter of 150 mm were prepared. A 
5 central portion of each test piece around a hole formed by punching to provide a diameter of about 36 mm 
(Do) was pressed with a spherical-head punch having a radius of 50 mm at its a lower end portion in 
accordance with a hole expanding ratio test method schematically illustrated in Fig. 3. The diameter Di 
when a very small crack occurred was measured. The hole expanding ratio was calculated from the 
following equation: 
w Hole expanding ratio (%) = (Di - Do)/Do x 100 

The fatigue strength was obtained by a completely reversed plane bending fatigue test method using 
test pieces having a size shown in Fig. 4 (90 mm-15mm-30.4R). 

Table 2 shows both the hot rolling conditions and the results of these experiments. 
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streaks of a TiC precprtate can be recognized. Thus, the micro- 
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structure of the examples of the steel sheet in accordance with the present invention was essentially formed 
of precipitation-strengthened ferrite and martensite. Specifically, with respect to the test pieces Nos. 3, 11, 
and 15, retained austenite was also observed. These examples of the present invention were also improved 
in spot-welding weldability. 

5 On the other hand, test piece No. 16 had a C content out of the critical range (lower limit) in accordance 
with the present invention and exhibited characteristics closer to those of precipitation-strengthened steel, 
i.e., a high yield ratio and a small fatigue strength, although the side bending elongation and the hole 
expanding ratio were suitable. Test piece No. 17 had a C content out of the upper limit which is critical to 
this invention and exhibited characteristics closer to those of structure-strengthened steel, i.e., a small side 

io bending elongation and a small hole expanding ratio, although the strength-ductility balance and the fatigue 
strength were good. Also, the deterioration of strength of a spot-welded portion of this test piece was great. 

According to the present invention, as described above, a high-strength hot-rolled steel sheet can easily 
be manufactured which has both the features of the conventional precipitation-strengthened steel and 
structure-strengthened steel, and which has a tensile strength of 70 kgf/mm 2 , while the above-described 

is problems of these steels are advantageously overcome. Further, the hot-rolled steel sheet obtained by the 
method of the present invention has a low yield ratio and exhibits a good strength-ductility balance while 
having high strength. The steel sheet also has improved stretch flanging formability, typically, side bending 
elongation and hole expanding ratio, as well as fatigue characteristics and spot-welding weldability. It is very 
advantageous for use as inner plates, chassis parts and strength members of motor vehicles, for example. 

20 

Claims 

1. A low-yieid-ratio high-strength hot-rolled steel sheet having a composition consisting essentially of 
about: 

25 0.18 wt% or less of C; 

0.5 to 2.5 wt% of Si; 
0.5 to 2.5 wt% of Mn; 
0.05 wt% or less of P; 
0.02 wt% or less of S; 
30 0.01 to 0.1 wt% of Al; 

an element selected from the group of about 0.02 to 0.5 wt% of Ti and about 0.03 to 1.0 wt% of 
Nb, and mixtures thereof, said 71 and Nb being present approximately .in relation to C according to the 
following formula* 

C wt% £ 0.05 + Ti wt%/4 + Nb wt%/8; and 
35 the balance substantially Fe and incidental impurities; 

wherein the structure of the steel comprises substantially ferrite containing a precipitated carbide of 
Ti and/or Nb and martensite, or ferrite containing said precipitated carbide, martensite and retained 
austenite. 

40 2. A low-yield-ratio high-strength hot-rolled steel sheet having a composition essentially according to 
Claim 1 , and further comprising about 0.3 to 1 .5 wt% of Cr. 

3. A method of manufacturing a low-yield-ratio high-strength hot-rolled steel sheet, said method compris- 
ing the steps of: 

45 preparing a steel slab having a composition according to claim 1 or 2; 

hot-rolling the prepared steel slab; 

finishing the hot-rolling at a temperature of about 820 • C or higher; 

retaining the rolled steel sheet in the range of temperatures of about 820 to 720 ■ C for at least 
about 10 seconds; 

so cooling the steel sheet at a cooling rate of about 10 - C/sec or higher; and 

coiling temperature of about 500 *C or lower. 
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FIG. I 
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FIG. 2 
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FIG. 3 
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FIG. 5 
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